Keywords: TAF1 Intellectual disability syndrome CRISPR/Cas9 X-linked disorder Cerebellum A B S T R A C T TAF1/MRSX33 intellectual disability syndrome is an X-linked disorder caused by loss-of-function mutations in the TAF1 gene. How these mutations cause dysmorphology, hypotonia, intellectual and motor defects is unknown. Mouse models which have embryonically targeted TAF1 have failed, possibly due to TAF1 being essential for viability, preferentially expressed in early brain development, and intolerant of mutation. Novel animal models are valuable tools for understanding neuronal pathology. Here, we report the development and characterization of a novel animal model for TAF1 ID syndrome in which the TAF1 gene is deleted in embryonic rats using clustered regularly interspaced short palindromic repeats (CRISPR) associated protein 9 (Cas9) technology and somatic brain transgenesis mediated by lentiviral transduction. Rat pups, post-natal day 3, were subjected to intracerebroventricular (ICV) injection of either gRNA-control or gRNA-TAF1 vectors. Rats were subjected to a battery of behavioral tests followed by histopathological analyses of brains at post-natal day 14 and day 35. TAF1-edited rats exhibited behavioral deficits at both the neonatal and juvenile stages of development. Deletion of TAF1 lead to a hypoplasia and loss of the Purkinje cells. We also observed a decreased in GFAP positive astrocytes and an increase in Iba1 positive microglia within the granular layer of the cerebellum in TAF1-edited animals. Immunostaining revealed a reduction in the expression of the CaV3.1 T-type calcium channel. Abnormal motor symptoms in TAF1-edited rats were associated with irregular cerebellar output caused by changes in the intrinsic activity of the Purkinje cells due to loss of pre-synaptic CaV3.1. This animal model provides a powerful new tool for studies of neuronal dysfunction in conditions associated with TAF1 abnormalities and should prove useful for developing therapeutic strategies to treat TAF1 ID syndrome.
Introduction
Mutations in TATA-box binding protein factor 1 (TAF1) protein are associated with a X-linked TAF1 intellectual disability (ID) syndrome (OMIM: 300966) (Hurst et al., 2018; O'Rawe et al., 2015) . Occurring in males, TAF1 ID syndrome (also known as mental retardation, X-linked, syndromic-33 disease, MRXS33) presents with abnormalities in global developmental (motor, cognitive, and speech), hypotonia, gait abnormalities, and cerebellar hypoplasia (Hurst et al., 2018; O'Rawe et al., 2015) . Exactly how mutations in TAF1 give rise to these neurological deficits remains unclear. TAF1 serves as a scaffold for the assembly of vector diffusion and infection to occur before maturation of axon myelination and gliogenesis -two processes that restrict free diffusion in the brain as well as infection of the maturing cerebellum. Similar approaches have been utilized to develop a rat model of synucleinopathy (Aldrin-Kirk et al., 2014) and dystonia DYT1 (Fremont et al., 2017) . We found that in neonatal rat pups, removal of TAF1 by CRISPR/ Cas9 editing, results in defects in neonatal motor functions. Furthermore, the motor deficits were associated with loss of Purkinje cells in the cerebellum; the remaining Purkinje cells displayed abnormal firing frequencies. In addition, the motor defects persisted in TAF1-edited juvenile pups and were associated with morphologic abnormalities within the cerebellum and cerebral cortex.
Materials and methods
Briefly, all biochemical, electrophysiology and behavior experiments were performed in a blinded fashion according to established protocols. Animal protocols were approved by the Institutional Animal Care and Use Committee of the College of Medicine at the University of Arizona and conducted in accordance with the Guide for Care and Use of Laboratory Animals published by the National Institutes of Health.
Animals
Pathogen-free, normal E18 pregnant Sprague-Dawley rats (Envigo Laboratories) were housed 1 per cage in temperature-(23 ± 3°C) and light (12-h light/12-h dark cycle; lights on 07:00-19:00)-controlled rooms with standard rodent chow and water available ad libitum. The neonates are designated as post-natal day PD0 on the day of birth, the litter size range included in current study was 11-14 pups. For all behavior experiments, the experimenter was blinded to the treatments.
gRNA strategy for TAF1 gene targeting
Our strategy focused on targeting exon 1 of the TAF1 gene using a guide RNA (gRNA) as described previously (Moutal et al., 2017 (Moutal et al., , 2018a (Moutal et al., , 2018b Sandweiss et al., 2018) . We identified the Taf1 gene at the position 66, 996, 071 ,877 of the Sprague dawley X chromosome (AC_000089.1). The exon 1 was located at the position 13.192 of this sequence and could also be found in the Taf1 mRNA sequence (NM_001191723.1). We targeted this exon to ensure total removal of the Taf1 protein. Using this approach, we expect minimal to none offtarget activity of the Cas9 enzyme as we and others verified before (Moutal et al., 2017; Ma et al., 2017) . The gRNA sequence (GTGTCT GACATGACGGCGGA, quality score 94, located at the position 65-84 within NM_001191723.1) was inserted into the restriction site of the pL-CRISPR.EFS.tRFP lentiplasmid (Cat#57819, Addgene, Cambridge, MA) (Heckl et al., 2014) a plasmid that allows for simultaneous expression of (i) the Cas9 enzyme; (ii) the gRNA; and (iii) a red fluorescent protein (tRFP) -to control for transduction efficiency. All plasmids were verified by Sanger sequencing (Eurofins, Louisville, KY). Lentiplasmids were packaged in lentiviruses by Viracore (USCF) at titers routinely above 10 7 infectious particles per ml.
Intracerebroventricular injections
All animal procedures were approved by the University of Arizona Institutional Animal Care and Use Committee and are in accordance with the NIH Guide for Care and Use of Laboratory Animals. Bilateral intracerebroventricular (i.c.v.) injections were performed as previously described in Sprague-Dawley (SD) rat pups on postnatal day 3 (Delenclos et al., 2017; Pang et al., 2003) . Briefly, newborn SD rat puts were anesthetized by isoflurane. A 10 μl syringe (Hamilton Gastight Syringe, #1701) was used to pierce the skull (coordinates from bregma: −0.6 mm posterior, ± 1.75 mm lateral/medial, and −2.5 mm ventral), and 2.5 μl of CRISPR lentivirus (gRNA-control or gRNA-TAF1) was injected into each cerebral ventricle without opening the scalp. Neonatal rat pups were kept with parent until weaned.
Rats were sacrificed at set time points as follow: 14 days and 35 day of postnatal day. Of note, 14 day and 35 day groups were behaviorally assessed before being euthanized for electrophysiological and histological and protein expression analysis.
Cerebellar slice preparation
Ten to 14-day SD rat pups were used in the electrophysiological experiment. All animal procedures were carried out in accordance with the regulations of the Institutional Animal Care and Use Committee at the University of Arizona. The animals were decapitated after being deeply anesthetized with isoflurane, and their cerebellums were rapidly removed and placed in an ice-cold ACSF containing (in mM) 220 sucrose, 2.5 KCl, 1.25 Na 2 HPO 4 , 3.5 MgCl 2 , 0.5 CaCl 2 , 25 NaHCO 3 , and 20 D-glucose (with pH at 7.4 and osmolarity at 310 mOsm), bubbled with 95% O2 and 5% CO2. Parasagittal slices (320 μm thick) were cut using a VT 1200S vibratome (Leica, Germany). Slices were then incubated for at least 1 h at 34°C in an oxygenated recording solution containing (in millimolar): 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 25 D-glucose, with pH at 7.4 and osmolarity at 320 mOsm. The slices were then positioned in a recording chamber and continuously perfused with oxygenated recording solution at a rate of 1.5 to 3 μl/min before electrophysiological recordings at RT.
Whole cell patch-clamp recording after incubation
Recordings were made from Purkinje Cells (PC) in lobules IV-VI, which were visually identified based on their location using infrared differential interference contrast video microscopy on an upright microscope (FN1; Nikon, Tokyo, Japan) equipped with a 3.40/0.80 waterimmersion objective and a charge-coupled device camera. The pipettes were prepared by pulling glass capillaries on a model p-97 microelectrode puller (Sutter Instrument, Novato, USA). Patch pipettes had resistances of 3-5 MΩ. The internal solution was a K + -based solution containing (in mM): 120 potassium gluconate, 20 KCl, 2 MgCl 2, 2 Na 2 -ATP, 0.5 Na-GTP, 20 HEPES, 0.5 EGTA, with pH at 7.28 (with potassium hydroxide [KOH] ) and osmolarity at 310 mOsm.
The whole-cell configuration was obtained in voltage-clamp mode. The membrane potential was held at −70 mV using PATCHMASTER software in combination with a patch clamp amplifier (EPC10; HEKA Elektronik, Lambrecht, Germany). To record spontaneous excitatory postsynaptic currents (sEPSCs), bicuculline methiodide (10 mM) was added to the recording solution to block γ-aminobutyric acid (GABA)-activated currents. Hyperpolarizing step pulses (5 mV in intensity, 50 milliseconds in duration) were periodically delivered to monitor the access resistance (15-25 MΩ), and recordings were discontinued if the access resistance changed by > 20%. For each PC, sEPSCs were recorded for a total duration of 2 min. Currents were filtered at 3 kHz and digitized at 5 kHz. Data were further analyzed by the Mini-Analysis (Synatosoft Inc., NJ) and Clampfit 10.7 Program. When indicated 1 μM TTA-P2 (T-type calcium channel blocker) (Choe et al., 2011) was added to the recording solution. The amplitude and frequency of sEPSCs were compared between neurons from the indicated groups. All recordings and analysis were done in a blinded fashion.
Neonatal motor test
At each testing day, the dams and the neonates were brought to the experimental room at the same time and left undisturbed for at least 1 h prior to testing.
Righting reflex test
This test evaluates the body's tendency to regain its former body U. Janakiraman, et al. Neurobiology of Disease 132 (2019) 104539 position after being displaced. The pups were placed on their backs on a flat surface (Yang et al., 2018) . Their success or failure in repositioning themselves dorsal side up and the latency to falling off the platform were assessed over a 30 s period. For rats that failed to fall off, the time was recorded as 30 s. The measures were taken once every second day from PD5 to PD13.
Negative geotaxis
This test evaluates motor coordination and vestibular sensitivity. Negative geotaxis was tested by placing the neonate on an inclined grid (at approximately 35°inclination) with the head facing downward (Sukhanova et al., 2018) . The grid had a rough surface to provide the neonate with a reasonable grip. We assessed the percentage of pups that successfully completed the test at each postnatal day and their latency to complete the geotaxis test in seconds (maximum 60 s). For those rats that failed to reorient themselves upward head, the time was recorded as 60 s. The measures were taken once every second day from PD5 to PD13.
Ambulation test
Crawling is a behavior developed early in the rat pup between PND 0-5, at which point rats begin to transition to walking, from 5 to 10 days old (Feather-Schussler and Ferguson, 2016) . Ambulation can, however, be scored throughout the lifetime of a rat and can be determined at any age. As there is no potential for learning, the ambulation test can be repeated as many times as needed through the course of the experiment.
1. Place rats in a clear enclosure where rats are visible from the top as well as the side. Use gentle prodding by touching the pup's tail to motivate the pup to walk. 2. Score ambulation for 3 min using the following scale: 0 = no movement, 1 = crawling with asymmetric limb movement, 2 = slow crawling but symmetric limb movement, and 3 = fast crawling/walking.
Hind-limb suspension test
The hind-limb muscle strength, weakness, and fatigue in rat neonates was evaluated using the method previously described by ELKhodor and co-workers (El-Khodor et al., 2008) . This test also assesses general neuromuscular function and posture. In each trial, we placed the pups head-down, hanging by its hind limbs in a plastic 50 ml centrifuge tube with a cotton ball cushion at the bottom to protect the animal's head upon its fall. The test was assayed over a 40 s period. The hind-limb score that assessed the positioning of the legs. The posture adopted by the pups was scored according to the following criteria: a score of '4' indicated normal hind-limb separation; a score of '3' indicated that the hind limbs were closer together than normal, without touching; a score of '2' specified closer proximity of the hind limbs to each other, often touching; and a score of '1' represented touching or clasping of the hind limbs. A score of 1 was given to a pup that failed to maintain its grasp of the tube. The score is an overall evaluation of the hind-limb position during the first 10 s of hanging onto the lip of the tube. The measures were taken once every second day, from PD5 to PD13.
Tail suspension test
The pups were suspended by their tails for 5-s and their hind-limb postures were scored 1-4, as defined above, using the modified method . The measurements were taken once every second day, from PD5 to PD13.
Juvenile motor test
After weaning the rat pups were separated from the dams and maintained 4 per cage. At each testing day, rats were brought to the experimental room at the same time and left undisturbed for at least 1 h prior to testing.
Open field test
The apparatus (W100 cm × D100 cm × H40 cm) is made of wood. The floor of this chamber was divided into 25 cm (5 × 5) squares. The rat pups were placed into one corner of an open field chamber and their behavior was observed for 5 min. Number of grooming; i.e. consisting of licking the fur, washing face or scratching behavior.
Beam walking test
Animals were allowed to walk on a narrow flat stationary wooden beam (L100 cm × W2 cm) placed at a height of 100 cm from the floor to reach an enclosed escape platform. The time taken to cross the beam from one end to the other and beam walking score were also given as described previously (Rajasankar et al., 2009 ).
Hematoxylin & eosin staining
After dehydration of the tissue with 30% sucrose, twenty micron (20 μm) sections were cut, stained with hematoxylin and eosin (H&E) dye (Sigma), and mounted with Richard-Allan scientific mounting medium for microscopy.
Nissl staining
After dehydration of the tissue with 30% sucrose, twenty-micron (20 μm) sections were cut, stained with cresyl violet dye (Sigma), and mounted with Richard-Allan scientific mounting medium for microscopy. Table 1 lists the antibody used in our studies. Rats were (n = 3-5 per genotype) were perfused with 4% formaldehyde in Phosphate buffer saline (PBS) at PD 14 day and PD 35 day of age, and the brains were extracted and post-fixed in 4% paraformaldehyde for 8 h at 4°C. Cerebellar sections were cut sagittally at 20 μm using a cryostat (Microm HM 505 E). After rinsing the sections in PBS for 5 min, the sections were incubated with a 0.1% H 2 O 2 solution in PBS for 5 min, rinsed in PBS, and incubated for 30 min with 0.4% Triton X-100, rinsed in PBS and blocked with 8% goat serum, and 1% Triton X-100 in PBS. After blocking, the sections were incubated for overnight with anti-TAF1 (1:250, Millipore), anti-tRFP (1:250, Evrogen), anti-CaV3.1 (1:250 Alomone labs) antibody, anti-calbindin D-28 K polyclonal antibody (1:250, Millipore) and anti-β-III-tubulin (1:250, Millipore), anti-GFAP antibody rabbit polyclonal (1:250, Dako), Iba1 (1:250,Wako) diluted in 4% goat serum in PBS. The sections were washed in 1% goat serum in PBS, incubated with secondary antibody (anti-rabbit Alexa fluor 488 (TAF1, CaV3.1, GFAP, Iba1, and Calbindin) & anti-rabbit Alexa fluor 594 (tRFP)) in 4% goat serum for 2 h, washed, and incubated with DAPI for 5 mins. Sections were then washed and further air dried, and cover slipped with Richard Allan Scientific Mountant Medium (Thermo). All procedures were performed at room temperature. The expression of TAF1, tRFP, GFAP, and Iba1 were observed under a fluorescence microscope (LSM510, Carl Zeiss) using a 20× objective. In regards to TAF1, we conducted several immunofluorescence control tests. a) tissue sections were incubated with the secondary antibody only; b) tissue sections were incubated with antibody diluent with a non-immunoglobulin of the same isotype (isotype control); c) samples were incubated with primary antibody only. These control experiments were all negative and demonstrated the specificity of the TAF1 antibody ( Fig.  S2 ). Similar control experiments were performed for the other antibodies used in this study (data not shown).
Immunohistochemical staining

Immunofluorescence quantification
For TAF1 and CaV3.1, we quantified the fluorescence intensity. Briefly, the fluorescence intensity was measured in 9 different fields from 3 different animals in each experimental condition at 20× magnification. The relative fluorescence intensity was analyzed by Image J software (Pitzer et al., 2015; Guirado et al., 2018) .
Morphometric analysis
Nucleated Purkinje cells in the anterior lobe (lobule I-III) of the cerebellar cortex in every fifth sections were counted using Icy software, and Purkinje cell linear density was calculated by dividing the number of cells by the linear distance of the Purkinje cell layer per section (Yamashita et al., 2011) . We measured the thickness of the granular layer using Nissl stained slides and Icy software. In short, the mean granular layer thickness (mm) was determined in 9 fields from 3 different animal per experimental condition (El-Tahawy et al., 2019) . We counted the number of GFAP + and Iba1 + positive cells within the granular layer from 9 fields from 3 different animals per experimental condition and the mean number of GFAP + and Iba1 + cells were enumerated as previously described (El-Tahawy et al., 2019).
Sanger sequencing
The presence of mutation after CRISPR-Cas 9 editing was verified by Sanger Sequencing as previously described by our group (1). Briefly, a 508 bp fragment was amplified from genomic DNA using primers surrounding the PAM sequence in exon 1 of the TAF1 gene (Forward 5′-TCTGCCGCTCTTACCATAGC-3′ and Reverse 5′-AAACGCCCTCTATTA CCGGC-3′). DNA sequencing was carried out on an Applied Biosystems 3730XL DNA Analyzer (Foster City, CA) in the UAGC Genomics Core Facility. The sequencing data was loaded into the ABI Sequence Scanner Software v1.0 for further analysis and genotype calling. Three different animals per each experimental condition were sequenced. All sequence traces were also manually reviewed to ensure the reliability of the data.
Statistics
All experiments were performed at least twice and in a blinded fashion. Data were analyzed with the software Prism 8 (GraphPad). Group differences were calculated using ANOVA followed by Tukey's post hoc test as indicated in the figures. P values smaller than 0.05 were considered significant. Error bars in the graphs represent mean ± SEM. For TAF1 IHC quantification between naïve and gRNA-TAF1 edited animals, the data was analyzed by Student's t-test with 0.05 considered significant.
Results
Design of CRISPR/Cas9 strategy for TAF1 gene editing in the CNS
We designed a clustered regularly interspaced short palindromic repeats (CRISPR) associated protein-9 nuclease (Cas9) approach to induce a double stranded break in Exon 1 of the TAF1 gene (Fig. 1A) . The primary reasons for selecting this region of the gene is that patients with TAF1 variants present with loss of function abnormalities (O'Rawe et al., 2015; Hurst et al., 2018) . Lentiviral particles were generated and were injected intracerebroventricularly (i.c.v.) into the brain of neonatal rats. Injection sites were verified with Evans blue dye (Fig. S1 ). We amplified a 508 bp fragment surrounding the PAM sequence within the rat TAF1 gene from brain tissue from 3 different animals in each treatment group. While there were no sequence abnormalities detected in the naïve and gRNA control groups, we found obvious evidence of mutations within the TAF1 gene near the PAM sequence in DNA isolated from TAF1 gRNA transduced animals (Fig. 1B) . Using an antibody specific for TAF1, we observed reduced TAF1 protein expression in the cerebellum (Fig. 1C i-iii & 1D) , cerebral cortex, and hippocampus ( Fig. 1E & F) ;(see also Supplementary Fig. S2 & S3) . These data indicate successful genome editing of the TAF1 gene resulting in reduced expression of TAF1 protein expression.
CRISPR/Cas9-mediated TAF1 deletion cause TAF1 ID-like motor deficits
Motor dysfunction is a characteristic of TAF 1D syndrome (O'Rawe et al., 2015; Hurst et al., 2018) . Therefore, we performed a battery of neonatal motor tests to ascertain possible motor deficits between TAFedited rat pups and control animals ( Fig. 2A) . Red fluorescent protein (RFP) staining indicated that cells within the cerebellum including Purkinje cells were transduced but not naïve animals ( Fig. 2B i-iii) . Negative geotaxis refers to the orienting response and movement expressed in opposition to cues of a gravitational vector (FeatherSchussler and Ferguson, 2016) . We observed that TAF1-edited pups displayed increased latency time in correcting their position relative to controls (Fig. 3A) . The righting reflex evaluates the motor ability for a rat pup to flip onto its feet from a supine position (Feather-Schussler and Ferguson, 2016) . Similar to the negative geotaxis test, TAF1-edited pups showed an increased latency time to "right" their position (Fig. 3B) . The tail suspension test is commonly used to measure stress and can also be used to assess motor alterations (i.e. motor coordination). In the tail suspension, the naïve and gRNA-control animals held their hind limbs wide apart from PD5 to PD13, whereas the TAF1-edited rats exhibited abnormal hind-limb clasping after PD7 (Fig. 3C) . The hind-limb suspension test assesses the proximal hind limb muscle strength, weakness, and fatigue in the animal. The hind-limb suspension test also evaluates general neuromuscular function, body muscle strength, and posture. It is designed specifically for neonates and can be used on animals PD 2-14 (El-Khodor et al., 2008). TAF1-edited rat pups showed hind-limb weakness as demonstrated by a marked decrease in hanging score compared to control animals (i.e. gRNA-control and naïve rat pups at the same age) (Fig. 3D ). Crawling is a behavior developed early in rodent pups between postnatal day (PD) 0-5, at which point pups start to transition to walking between 5 and 10 days old (Feather-Schussler and Ferguson, 2016) . Thus, the ambulation test takes advantage of this transitional time course. We noted significant differences in ambulation, at PD 14, between the TAF1-edited rat pups compared to gRNA-control and untreated (naïve) rat pups (Fig. 3E) . Collectively, these data indicate motor dysfunction in CRISPR/Cas9-TAF1-edited treated rat pups. We continued our behavioral assessment past the weanling stage. We performed the beam walking test and open field test. The beam walking test can evaluate motor coordination and balance (Rajasankar et al., 2009 ). The beam crossing time (Fig. 4A) and number of foot slips errors were higher in the TAF1-edited animals at PD35 compared to controls (Fig. 4B) . In the open field test, TAF1-edited animals displayed a higher level of anxiety as inferred from increased grooming frequency (Fig. 4C) . Thus, TAF1-editing produces behavioral defects that appear to persist into the juvenile animals.
TAF1 deletion leads to cerebellar abnormalities
To examine a possible cellular basis for the behavioral defects, next we evaluated the morphology of the Purkinje cells by Hematoxylin and eosin (H&E) and Nissl staining. Our histopathology analysis showed that the architecture of the Purkinje cell layer was abnormal in TAF1-edited animals. In addition, the histopathology showed Purkinje cells were markedly hypoplastic in TAF1 treated animals relative to controls ( Fig. 5A and B i-iii). Next, we assessed the thickness of the granular layer. We observed a decreased in the thickness of the granular layer in TAF-1 edited rats compared to control animals (Fig. 5C&D) .
Purkinje cells can be identified by a Calbindin staining. Calbindin was abundant in the cell body, axon and dendritic tree of the naïve and gRNA-control animals, however some of the Purkinje cells in the TAF1-edited animals did not stain as positive as the control group animals ( Fig. 6A i-iii) . We also observed a decrease in the number of Purkinje cell in TAF1-edited animals compared to control animals (Fig. 6D) .
Glial cells, including astrocytes, oligodendrocytes, and microglia are by far the most abundant cells in the nervous system and located in the granular layer cerebellum (Domingues et al., 2016) . Because the loss of Purkinje cells in TAF1 edited animals is not sufficient to explain the cerebellar hypoplasia found in patients, we examined whether TAF1 editing affected the thickness and cell content of the granular layer. We used glial fibrillary acidic protein (GFAP) as a marker for mature astrocytes in the granular layer. we found a reduced number of GFAPpositive cells in TAF1-edited animals compared to control animals (Fig. 6B&E) . Next, we stained for Iba1, which is a marker for microglia. We detected an increases number of Iba1-positive cells in the granular layer of TAF1-edited rats compared to controls (Fig. 6C&F) . Collectively, these findings imply that editing TAF1 alters the organization of the cerebellum during postnatal development.
TAF1 deletion leads to cerebral cortex abnormalities
We also assessed other regions within the brain for morphologic . Behavioral assessment of juvenile motor functions. The TAF1-edited animals showed behavior deficits compared to naïve and gRNA-control group animals. The TAF1-edited showed increased beam waking time (A) and had a decreased beaming score (B) in beaming walking tests relative to naïve and gRNA-control rats. (C) Grooming was increased in the TAF1-edited rats compared to the other groups. Data are shown as mean ± S.E.M., n = 5-8 per experimental condition. *p < 0.05 versus; naïve, #p < 0.05 versus gRNA-control (ANOVA followed by Tukey's test). The experiments were conducted in an investigator blinded manner.
abnormalities. There were not obvious morphologic differences between control and gRNA-TAF1 edited animals in other brain regions (i.e. frontal cortex, striatum, hippocampus, substantia nigra and pons); (see also Supplementary Fig. S4 ) with the exception of the cerebral cortex. In the cerebral cortex, neural cells in the control group were arranged tightly with regular shape and had an intact cell structure. The blue Nissl bodies in neural cells were visible and distinct. After TAF-1 editing, cerebral the morphology of the cells in the cortex clearly changed. The shape of the cells changed from triangular to rounded and a large number of cells were swollen. Also, the cells did not stain as distinctly as control cells with the H&E stain and Nissl dye (Fig. 7A&B) .
3.5. CRISPR/Cas9-mediated TAF1 deletion is associated with reduced CaV3.1 protein expression T-type calcium (Ca 2+ ) channels play a key role in regulating membrane excitability in the brain (Aguado et al., 2016; Perez-Reyes, 2003; Iftinca and Zamponi, 2009) . In the cerebellum the T-Type channel, CaV3.1, is expressed in Purkinje cells and appears to be involved in calcium influx (Asmara et al., 2017) . For our immunofluorescence studies, we used a CaV3.1 antibody that had been previously utilized for CaV3.1 localization in other studies (Fernandez et al., 2015; Hurtado et al., 2014) . In addition, control adsorption experiments demonstrated the specificity of the CaV3.1 antibody on rat brain tissue sections ( Supplementary Fig. S5C ). Because we previously reported altered Ca 2+ entry and reduced protein expression of CaV3.1 in TAF1 depleted SH-SY5Y cells (Hurst et al., 2018) , we investigated if CaV3.1 expression was altered after TAF1 editing in vivo. We observed comparable levels of expression of CaV3.1 in Purkinje cell slices from both naïve animals and gRNA-control injected animals, whereas CaV3.1 expression was markedly reduced in TAF1-edited animals at post-natal day 14 (data not shown) and at post-natal day 35 (Fig. 8A&B ).
CRISPR/Cas9-mediated TAF1 deletion leads to Purkinje cells excitatory neurotransmission abnormalities
TAF1 editing decreased the levels of the pre-synaptic voltage gated calcium channel CaV3.1. In the cerebellum, CaV3.1 is expressed at the parallel fiber synapse and is involved in the delivery of the action potentials to the Purkinje neurons (Hildebrand et al., 2009; Yunker et al., 2003; Ly et al., 2013) . To examine whether TAF1 editing can impair the neurotransmission at the level of the parallel fiber to purkinje synapse, we performed synaptic recordings of the Purkinje neurons in cerebellar slices (Fig. 9A ) using whole-cell patch clamp, specifically measuring spontaneous excitatory postsynaptic currents (sEPSCs) (Fig. 9B) . There was no change in amplitude of sEPSCs between the three groups ( Fig. 9B-D) . However, the frequency of sEPSCs was significantly decreased with TAF1-editing, compared with naïve or gRNA-control Both H&E and Nissl staining showed the cell shape changed from triangular to rounded and a large number of cells were swollen in gRNA-TAF1 edited animals as compared to Naïve animals. Scale bars: 500 μm. The experiments were conducted in a blinded fashion.
editing, respectively (Fig. 9F) (1.61 ± 0.40 Hz vs 4.67 ± 0.54 Hz, *P < 0.05 vs Naïve; 1.61 ± 0.40 Hz vs 4.30 ± 1.00 Hz, #P < 0.05 vs gRNA-control). To confirm that these effect were reflecting the loss of pre-synaptic CaV3.1 after Taf1 editing, we used the T-type calcium channel inhibitor TTA-P2 (Choe et al., 2011) . In naïve rats, inhibition of CaV3.x channels (Fig. 10A ) resulted in a decrease of the frequency (Fig. 10B ) but not amplitude (Fig. 10C ) of sEPSC thus showing that (i) T-type channels have an exclusive pre-synaptic function in neurotransmission to Purkinje cells and (ii) T-type channel inhibition recapitulates the phenotype observed after Taf1 editing (Fig. 9) . Next, we used TTA-P2 on Taf1-edited rat cerebellum to measure whether the reduction of the frequency of sEPSC after Taf1 editing (Fig. 10D) was dependent on the loss of CaV3.1 function. TTA-P2 failed to further decrease the frequency of sEPSC in Taf1 edited rats (Fig. 10E) thus showing that all T-type calcium channel is non-functional in these animals. Similarly to naïve rats, TTA-P2 had no effect on sEPSC amplitude (Fig. 10F) . These results confirm a presynaptic effect on excitatory neurotransmission on cerebellar Purkinje cells with TAF1-editing.
Discussion
Mutations in TAF1, which is a component of the TFIID transcription factor complex, are implicated in an X-linked genetic syndrome that afflicts males (O'Rawe et al., 2015) . Some of the clinical features associated with TAF1 ID syndrome include: delayed gross motor development, hypoplasia of the cerebellar vermis, and hypotonia (O'Rawe et al., 2015; Hurst et al., 2018) . By deleting the TAF1 gene in postnatal rats, we generated an animal model that replicates the clinical features of TAF1 ID syndrome. We observed motor deficits in both young rats and juveniles, morphological changes and a loss in Purkinje cells in the TAF1-edited animals. As in humans, we noted hypoplasia of the cerebellum, a pathological hallmark of dysfunction in TAF1 ID syndrome. Our model underscores the relevance of the cerebellum to this neurodegenerative disease and offers a powerful platform for examination of the cellular and molecular pathways underpinning TAF1 ID syndrome.
Our model of TAF1 ID allowed us to explore how cerebellar dysfunction contributes to disease. Two different pathways, parallel fibers (PF) from granule cells (GC) and climbing fibers (CF) from the cells in the inferior olive (I.O), project excitatory synaptic input to Purkinje neurons . The Purkinje neurons integrate these excitatory inputs and then send inhibitory GABAergic projections to the deep cerebellar nuclei (DCN) (D'Angelo, 2018) . In Purkinje cells, we found that the frequency of sEPSCs was significantly decreased after TAF1-editing, compared with naïve or control CRISPR. These results show that TAF1 editing impairs the presynaptic glutamatergic transmission on cerebellar Purkinje cells. This might lead to a disinhibition of the Purkinje neurons resulting in our observations of loss of motor activity and fine motor control. We found that the organization of Purkinje cell layer and morphology of Purkinje neurons are altered during postnatal development in TAF1-edited rats. We infer that the decrease of frequency of sEPSCs might result from the collapse of the cerebellar circuit. Additionally, the decreased density of Purkinje cells after TAF1-editing aggravates these effects and may be responsible for the decline in motor function. T-type calcium channels are low voltage-activated calcium channels that transiently open to evoke tiny Ca 2+ currents (reviewed in (PerezReyes, 2003) ). T-type calcium channels regulate calcium influx from the extracellular region by opening the calcium channel (Cazade et al., 2017) , or activating calcium-induced calcium release from the internal calcium source (Kitchens et al., 2003; Coulon et al., 2009) . These results suggest a critical role for T-type calcium channels in regulating intracellular calcium homeostasis and maintaining cellular function (Assandri et al., 1999; Chemin et al., 2000; Cazade et al., 2017) . CaV3.1 T-type channels are abundant at the cerebellar synapse between parallel fibers and Purkinje cells where they contribute to synaptic depolarization (Ly et al., 2013) . Consistent with our previous in vitro findings (Hurst et al., 2018) , we observed a decrease in CaV3.1 expression in Purkinje cells in the present study. Because CaV3.1 appears to be required for neuronal progenitor cell viability and the primary pathway by which Ca 2+ enters into cerebellar neurons Ly et al., 2013) , our results suggests that dysregulated calcium signaling, due to decreased CaV3.1 protein levels caused by TAF1 gene knockout, could be important in the pathogenesis of TAF1 ID syndrome. The granular layer of the cerebellum is composed of astrocytes, oligodendrocytes, and microglia (reviewed in (Domingues et al., 2016) ). Collectively, these cells support the neurons within the cerebellum. Specifically, astrocytes provide physical support for neurons. Astrocytes also secrete gliotransmitters and growth factors like BDNF, required for synaptic plasticity, synaptogenesis, and neurogenesis (Henneberger et al., 2010; Ying et al., 2002) . Thus, a reduced density of GFAP + cells in the TAF1 edited animals may affect the survival and function of the Purkinje cells. The microglia are the primary immune cells within the CNS. In the present study, we observed an increase in Iba1 positive cells within the granular layer of the cerebellum in TAF1-edited animals. This suggests that the microglia may be responding to damage to the cerebellum induced by TAF1 editing and contributing to alterations in the integrity of the cerebellar circuit. In addition to the cerebellum, we observed morphological changes in the cerebral cortex. The cerebral cortex and the cerebellum are both involved in movement and there are reciprocal interconnections by the cerebello-thalamo-cortical pathways which correlated with our studies (Mendoza and Merchant, 2014) . The motor cortex is the region within the cerebral cortex important for planning, control, and execution of voluntary movements. The abnormalities within the cerebral cortex could also contribute to the behavioral changes (i.e. impairment in beam walking) in gRNA-TAF1 edited animals observed in the our study.
In order for a gene to be transcribed, a transcriptional preinitiation complex (PIC) needs to assemble at its promoter. The first complex to bind the promoter is the general transcription factor, TFIID, consisting of the TATA-binding protein (TBP) and 13 different TBP-associated factors (TAFs) (Muller et al., 2010; Tora, 2002) . Mutations in several other human TFIID subunit coding genes (i.e. TBP, TAF2, TAF6, TAF8, and TAF13) have been implicated in human diseases including many with neurological outcomes and intellectual disability (Nakamura et , 2018; Tawamie et al., 2017) . The outcome of these mutations on TAFs has not been assessed in detail, due in part to the lack of the development of animal models for these disorders of transcription regulation as disruption of TFIID subunits can be embryonic lethal (Voss et al., 2000; El-Saafin et al., 2018) . Our facile approach for assessing TAF1 function in vivo, using CRISPR/Cas9-based gene editing coupled lentiviral transduction, could be applied to these disorders of transcription regulation and provide insight into underlying mechanisms of disease. Although our work did not achieve germline deletion of TAF1, the approach used here provides an instructive example of how spatially and temporally restricted deletion may be sufficient to mimic hallmarks of these neurological disorders.
In conclusion, the present study shows that targeted knockdown of TAF1 can be achieved in the brain of rats with postnatal delivery of a CRISPR-Cas9 lentiviral vector. The current results demonstrate that this approach led to motor defects and morphological abnormalities within the cerebellum reminiscent of the human neurological disease-TAF1 ID syndrome. This model therefore provides an interesting opportunity for further studies investigating the effects of aberrant TAF1 on neuronal dysfunction and paves the way for testing of possible therapeutic strategies to treat TAF1 ID syndrome.
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